Introduction
Since the rst structural characterization of a half sandwich rareearth bis(alkyl) complex was reported by Schaverien in 1989, 1 rareearth dialkyl complexes have demonstrated great potential applications in synthetic chemistry and polymerization.
2 The reported results indicated that the proper design of the coligand is of great importance and can not only improve the stability of rareearth bis(alkyl) complexes but also inuence their reactivity.
2c,3
Recently, myriads of rare-earth complexes with non-Cp ancillary ligands were explored. 3, 4 Among various non-Cp ligands, amidinate and guanidinate stand out and are widely employed in lanthanide chemistry because of their tunable steric and electronic properties, rich coordination mode and easy accessibility.
5
Guanidinate scaffolds are of tremendous popularity in lanthanide chemistry and numerous rare-earth complexes bearing guanidiante ligands have been reported. However, just a handful of neutral mono(guanidinate) bis(alkyl) rare-earth complexes were synthesized. And neither their reactivity towards small molecules nor their performance as precatalyst towards conjugated diene polymerization have been unveiled so far. Recently, our group reported the reactions of amidinate rareearth dialkyl complexes 7 with various small molecules, which not only shed some light on the reaction chemistry of amidiante rare-earth dialkyl complexes, but also provided different options for the synthesis of some organolanthanide derivatives.
In order to further explore the effect of subtle ligand change on the reaction patterns of rare-earth bis(alkyl) complexes, we designed a new bulky tetraalkylated guanidinate with two benzyl groups at the axis N atom. Herein, we report the synthesis of this new guanidine and the corresponding rareearth bis(alkyl) complexes. The reactions of the dialkyl species with small molecules, such as CO 2 , S 8 , and PhNCS are also disclosed. Moreover, the catalytic performance of the mono(guanidiante) rare-earth bis(alkyl) complexes for isoprene polymerization will be discussed as well. The neutral guanidinate compound (PhCH 2 ) 2 N[C(NHR)]NR] (R ¼ 2,6-i Pr 2 C 6 H 3 ) (1) was synthesized in good yield by the reaction of lithium dibenzylamido with one equivalent of carbodiimide (Scheme 1). Compound 1 was characterized by NMR spectroscopy and X-ray structural analysis. The X-ray diffraction reveals that the DCN parameter of complex 1 is 0.102Å ( Fig. 1) , which shows the difference in interatomic distance in the supposed "double" and "single" bonds is very evident. This compound is very easy to dissolve in hexane, toluene and THF. In the 1 H NMR spectrum (in CDCl 3 ) of 1, four doublets at d ¼ 6c Other characteristic peaks can also be assigned clearly. Single crystal X-ray structural analysis of complex 2d established the distorted-octahedral geometry of its core structure. The structure of 2d is depicted in Fig. 2 ; selected bond lengths and angles are listed in the caption. The lutetium atom was coordinated by six atoms: two nitrogen atoms from the guanidinate ligand, two carbon atoms and two amino nitrogen atoms. The guanidinate ligand coordinates symmetrically to the Lu atom. Because of the better symmetry of the coordinated guanidinate ligand, the numbers of the methine and methyl resonances of the ligand decrease in the NMR spectra of complexes 2 in comparison with the neutral ligand. To explore the ligand effect on the structure and reactivity of complexes, reactions of complexes 2 with CO 2 were conducted rstly. The THF solution of complexes 2 was stirred under an atmosphere of CO 2 (0.1 MPa), an immediate colour change from yellow to colourless was observed for complexes 2b and 2c, while the colour change was not observed in the reaction of 2a C NMR spectra, the resonances at d ¼ 186.2(3a), 183.6(3b) and 183.7(3d) ppm are assignable to the carbons in carboxyl groups. The structures of complexes 3 were further conrmed by the Xray single crystal diffraction. The X-ray crystallographic analysis indicates that complexes 3a-d are isostructural, and crystal structure of 3a is presented in Fig. 3 (Fig. 4) . Two yttrium ions are connected by four bridging thiolate units which denitely proves the insertion of sulfur atoms into each of Y-C bonds. In lanthanide chemistry, the similar core 10 The dihedral angles between the Y1S1Y2 and Y1S3Y2 plane is 179. 7 , indicating that the Y1S1Y2S3 is coplanar.
Results and discussion

Synthesis of (PhCH 2 ) 2 N[C(NHR)](NR)] (R ¼
Y1S2Y2S4 unit is also coplanar. Besides, the two planes are almost vertical to each other with a dihedral angle of 89.86 .
Reaction of [(PhCH
The reactivity of complexes 2 towards phenyl isothiocynate was also studied. These reactions provided insertion products
in 46-77% yields (Scheme 5). Compared to the guanidinate dialkyl complexes 2, the resonances of methylene protons in aminobenzyl groups of these insertion products shi from upeld to downeld d ¼ 4.14 for 5a, 4.17 for 5b and 4.15 for 5d ppm respectively. In their 13 C NMR spectra, the corresponding signals were observed at d ¼ 42.4(5a), 43.2(5b) and 42.6(5d) ppm as singlets. Complex 5b is of high solubility even in hexane while 5a, 5c and 5d are sparingly soluble in hexane. Noticeably, the larger lanthanum bears one coordinated THF molecule, while complexes 5a, 5c and 5d are all solvent free mononuclear complexes. As shown in Fig. 5 , the yttrium ion of 5a is surrounded by four nitrogen atoms, two from the guanidinate ligand, two from the NCS fragments and two sulfur atoms from the NCS moieties. The Y-S bond length of 2.7154(9)Å is identical with the corresponding distances in
12 The S1-C21 and N3-C21 distances, 1.735(3) and 1.287(4)Å, are between the corresponding single and double bond lengths, respectively, indicating that the negative charge is delocalized over the N-C-S moiety. 
Polymerization of isoprene
Complexes 2 were also evaluated as precatalysts for the polymerization of isoprene, and the results are presented in Table 1 . Complexes 2 were inert towards the polymerization of isoprene. The binary system comprised of 2a (2c or 2d)/[Ph 3 C][B(C 6 F 5 ) 4 ] (1 : 1) displayed a high catalytic activity and predominant 3,4-regioselectivity for isoprene polymerization at room temperature (entries 1 to 4). But signicant catalytic activity drop was observed for the lanthanum binary system (entry 2), probably due to the lower Lewis acidity compared to Y, Dy and Lu ions. Molecular weight distributions of all the polymers obtained from these binary systems are very narrow and unimodal (1.03-1.05) (entries 1 to 8). Further kinetics study on yttrium binary system was carried out and displayed in Fig. 6 . It is noteworthy that the number-average molecular weight (M n ) of the yielded polymer samples was linearly relative to the conversion. In the meanwhile, the molecular weight distribution (M w /M n ) was almost constant (1.03 to 1.07). The kinetics study indicated that the binary system 2a/[Ph 3 C][B(C 6 F 5 ) 4 ] demonstrated characteristics of living polymerization. To the best of our knowledge, examples of isoprene living polymerization with high 3,4-regioselectivity remain relatively rare.
14 Moreover, the reaction temperature also inuenced the polymerization performance. When the polymerization was carried out at 0 C (entry 9), the yielded polymer showed the higher proportion of 3,4 units (95%). At À20 C (entries 10-14), although the activity apparently dropped, it took 24 hours for 2a/[Ph 3 C][B(C 6 F 5 ) 4 ] system to get 100% conversion, the higher 3,4-regioselectivity (99%) was achieved and the yttrium binary system still demonstrates characteristics of living polymerization (Fig. 7) 
Conclusions
In summary, a series of neutral mono(guanidinate) rare-earth bis(alkyl) complexes have been synthesized via the protonolysis reaction of homoleptic rare-earth alkyl complexes with one equimolar amount of a new bulky guanidine. The reactions of bis(aminobenzyl) complexes with CO 2 , S 8 and PhNCS provide some new options for effective synthetic routes for guanidinate lanthanide derivatives. Moreover, upon activation of an organoborate, such as [Ph 3 C][B(C 6 F 5 ) 4 ], complexes 2 show excellent activity and predominant 3,4-selectivity towards isoprene c Determined by GPC in THF at 40 C against polystyrene standard. polymerization
Experiment section
Materials and general procedures
All manipulations involving air-and moisture sensitive compounds were performed under an inert atmosphere of puried nitrogen with rigorous exclusion of air and moisture using standard Schlenk techniques and a nitrogen lled glove box operating at less than 1 ppm oxygen and 1 ppm moisture. Solvents (toluene, hexane, and THF) were distilled from sodium/benzophenone ketyl, and dried over fresh Na chips in the glove box. Bis(2,6-diisopropylphenyl)carbodiimide was obtained from Tokyo Chemical Industry Co., Ltd and used without purication. CH 3 C 6 H 4 NMe 2 -o was purchased from Acros and used without purication. 
X-ray crystallographic analysis
Suitable crystals were sealed in thin-wall glass capillaries under a microscope in the glove box. Data collections were performed on a Bruker SMART APEX diffractometer with a CCD area detector using graphite-monochromated MoKa radiation (l ¼ 0.71073Å). The determination of crystal class and unit cell was carried out by the SMART program package. The raw frame data were processed using SAINT 17 and SADABS 18 to yield the reection data le. The structure was solved by using SHELXTL program.
19 Renement was performed on F 2 anisotropically by the full-matrix least-squares method for all the non-hydrogen atoms. The analytical scattering factors for neutral atoms were used throughout the analysis. Except for the hydrogen atoms on bridging-carbons, hydrogen atoms were placed at the calculated positions and included in the structure calculation without further renement of the parameters. The hydrogen atoms on bridging carbons were located by difference Fourier syntheses and their coordinates and isotropic parameters were rened. The disordered toluene and THF molecules within the crystal lattice are not crystallographically well dened and are squeezed by the PLATON program. Details of this SQUEEZE are given in the cif les. Residual electron densities were of no chemical signicance. Crystal data, data collection, and processing parameters for complexes 2b, 3a, 4a and 5a are summarized in Table 2 . CCDC -1542242 (1), 893571 (2d), 1541968 (3a), 1541967 (3b), 1541964 (3c), 1541970 (3d), 1541962 A THF solution (10 mL) of Dy(CH 2 C 6 H 4 NMe 2 -o) 3 (0.28 g, 0.5 mmol) was added into a stirred solution (20 mL) of (PhCH 2 ) 2 N [C(NHR)](NR)] (R ¼ 2,6-i Pr 2 -C 6 H 3 ) (1) (0.28 g, 0.5 mmol) in THF. The reaction solution was le to stir for 3 days at 65 C, and all volatiles were removed under vacuum. The oily residue was washed with cold hexane and pale yellow powder was obtained by ltration. The powder was recrystallized in toluene at À35 C for 2 days to give pale yellow powder of 2c 0.29 g (58%). A THF solution (10 mL) of Lu(CH 2 C 6 H 4 NMe 2 -o) 3 (0.29 g, 0.5 mmol) was added into a stirred THF solution (20 mL) of (PhCH 2 ) 2 N[C(NHR)](NR)] (R ¼ 2,6-i Pr 2 -C 6 H 3 ) (1) (0.28 g, 0.5 mmol). The reaction solution was le to stir for 3.5 days at 65 C and all volatiles were removed under vacuum. The oily residue was washed with cold hexane and white powder was obtained by ltration. The white powder was recrystallized in toluene at À35 C for 2 days to give a colourless crystalline complex 2d 0.23 g (45%). 1 H NMR (400 MHz, C 6 D 6 , 25 C): d ¼ 7.14-7.12 (m, Complex 3c was obtained as a colourless crystalline product (0.47 g, 88%), similarly to the preparation of 3a described above. To a stirred THF (20 mL) solution of complex 2a (0.46 g, 0.5 mmol) was added slowly a THF (10 mL) solution of S 8 (0.032 g, 0.125 mmol). The reaction solution was le to stir for 3.5 days at 65 C, and all volatiles were removed under vacuum. Aer being washed with cold hexane, the oily residue turned to white powder which then was collected by ltration. The white powder was recrystallized in toluene at room temperature for 2 days to give a colourless crystalline complex 4a 0.38 g (77% To a stirred THF (20 mL) solution of complex 2b (0.48 g, 0.5 mmol) was added slowly a THF (10 mL) solution of S 8 (0.032 g, 0.125 mmol). Aer it was stirred at room temperature for 12 h, all volatiles were removed under vacuum, and washed with cold hexane, the oily residue turn to white powder which then was collected by ltration. The white powder was recrystallized in toluene at À35 C for 3 days to give a colourless crystalline complex 4b 0.31 g (61% A THF (10 mL) solution of PhNCS (0.108 mL, 1 mmol) was added slowly to a stirred THF (20 mL) solution of complex 2b (0.48 g, 0.5 mmol). The reaction solution was le to stir at room temperature for 12 h and all volatiles were removed under vacuum. Aer being washed with cold hexane, the oily residue turned to white powder which then was collected by ltration and dissolved in toluene. The solution was concentrated to saturation and layered with 2 mL hexane solvent. White participate 5b was obtained aer the solution stood at À35 C for 3 days. Yield (0.28 g, 46% 
